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Influence of side groups on 90° superexchange: A modification
of the Goodenough-Kanamori-Anderson rules
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A mechanism is suggested which can modify in certain cases the Goodenough-Kanamori-Anderson rules
determining the character of superexchange in magnetic insulators; namely, side groups coupled to ligands,
which are often present but are usually ignored, may contribute significantly, and may in certain cases even
lead to a change in sign of the superexchange interaction. Thus this factor can make the 90° superexchange of
half-filled shells antiferromagnetic, in contrast to the usual case. Qualitative arguments and numerical estimates
show that this mechanism may be important in the inorganic spin-Peierls compound guGeO
[S0163-182696)02829-9

As is well known, the exchange interaction in magnetictails of the structure, will be given in a separate paper. The
insulators is predominantly caused by the so-called superedecalized orbitals we consider are shown in Fig. 2. On the
change — which is due to the overlap of the localized orbit-(magneti¢ cations M,,, we consider only a half-filled
als of the magnetic electrons with those of intermediatedy 2.2 orbital and on the ligands, ,, we take thep,, and
ligands. There exist different processes contributing to thé, orbitals. Theo-type covalent mixing parameter between
superexchange interaction which appear under varioute ligand p and cation d orbital is defined by
names in the various calculational schemes: delocalizatioh={0d|Her|P)/A, whereA=e;—¢€,, and(d|Hep) is the
superexchange, potential exchange, indirect exchange, Kitansfer integral, which is often callegy.
netic exchange, correlation exchange, ring exchange, etc. Le_t us first discuss b(ieﬂy t_he basis of the GKA rules for
(see, e.gi*and below. Nevertheless, usually most of these the sign of the 90° conflguratlop. In the standard theory un-
partial processes give results which follow the so-calledd®rying these rules one considers a number of processes
Goodenough-Kanamori-AndersdiGKA) rules. According —contributing to superexchange in which each mechanism has
to these rules for instance, a 180° superexchattge mag- a definite sign: positive for a ferromagnetic interaction, nega-

netic ion—-ligand—magnetic ion angle is 18@f two mag- tive for an antlferromagnetp Interaction. -
g . . ' : : Two ferromagnetic contributions are illustrated in Figs.
netic ions with partially filledd shells is strongly antiferro-

. o . . 3(@ and 3b). The first one is caused by the real ferromag-
magnetic, whereas a 90° superexchange is ferromagnetic andsi. exchange between one magnetic cation and a ligand
much weaker.

, o , orbital polarized by another cation. It gives
Recently, several materials were studied in which these

rules seem to be violated, or at least their validity is ques- Ja=4)\23pd, (1)
tionable. One of such systems which now attracts consider- _ )
able attention is CuGe@—the first inorganic compound WhereJ,q~0.01-0.05 eV. The second ferromagnetic contri-
showing a spin-Peierls transitiGriThe main feature of the bution is due to a Hund's rule exchange interactipnon a
crystal structur®® of CuGeQ; is shown in Fig. 1. It consists
of CuO, ribbons with a nearly square planar coordination of
the CU* ions by O?~. The Cu ions are coupled by an O ® @ @
pair bridge. The @—O—-Cuangle is¢p~98°, which is rather |

close to 9¢. However, the superexchange interaction be- '

tween nearest neighbor Cu atoms is antiferromagnéfic: 5

J~—3 to — 6.5 meV(we defined by the exchange Hamil- /

.

tonian:H=—2JS;S,). The question arises why this Cu-Cu

superexchange interaction is antiferromagnetic, while the
well-known GKA rules predict a ferromagnetic superex-
change interaction for the 90° cation-ligand-cation configu-
ration.

In this paper we discuss some of the basic structural and
electronic features which may lead to such a violation of the
GKA rules. In order to keep the presentation simple and @ @ @
clear we use a simple perturbation theory schiehaad con-
sider the smallest cluster possible in order to emphasize the FIG. 1. One of the basic structural units of the CuGesruc-
physics involved. The detailed discussion of the superexture: the one-dimensionfCuO,] ribbon. ®: Cu?*; O: 0?~; ©:
change interaction in CuGeQ taking into account all de- Ge**.

|
|
I
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M, Ly M,

FIG. 2. M,L, cluster for 90° superexchange. The angles the
deviation from 90°. TheMi-L,-M, angle is ¢=m/2+B. The ‘
dyr2_,s2 orbitals onM, andM, and thep,, andp,. orbitals on the C t/
ligandsL; andL, are shown. The transfer matrix element between A
ligand p and magnetid orbital ist. /\ /?2\
ligand when two ligand electrons from differeptorbitals } H k
are virtually transferred to the cations, FigbB It gives \\_/'

3

Jp=224Jy(L), 2)
- M L M.
where J,;(L)~0.5-1.5 eV. The magnitude of these two L
mechanisms does not strongly depend on deviations from the
ideal 90° configuration which we will assume in the follow- d t/ ’[/
ing discussion. A A
Two principal antiferromagnetic contributions are the so- y /@—\
called delocalization, or kinetic superexchange, Fi¢),3 /\
and the correlation superexchange, Fi¢d)3Both of these \\;H__\i/
contributions require the transfer of electrons between cat- 3
ions and thesameligand orbital, and for 90° geometry these 4
terms do not contribute because such a transfer is forbidden M L M
by symmetry. Thus we see that in standard cases 90° super- 1 2
exchange of half-filled shells is indeed ferromagnetic, which
explains one of the GKA rules. FIG. 3. Graphical representation of the perturbation expansion
Let us now turn our attention to the factors which canof the virtual electron transfer processes considered in the main
make these symmetry-forbidden transfers possible. The otiext, which give the main contribution to 90° catioM()-ligand
vious one is a deviation from 90°, to be discussed later(L12-cation M) superexchange. The numbers indicate the order
Another, less obvious source comes from the presence @f the subsequent transfers/4) and Hund's rule interactions
side groups interacting with the intermediate ligands. (Jn) in the perturbation expansion. The contributidiia to the
The main idea may be explained as follows. Whereas foperturbation expansion are indicated. The sign of_ each virtual trans-
pure 90° geometry the,. and p,+ orbitals are strictly or- fer depends on the _phase of the wave fun.ctlons. H—
thogonal, which prevents the antiferromagnetic superex§.ymmetry-forb|dden virtual transfer. Wavy line: exchange interac-
change, the presence of a side gra@e attached to a tion.
ligand violates this orthogonality. In other wordspg hole
existing in an intermediate state can make “a detour” to aHowever, if thep, andp, are inequivalent, such a cancella-
side group and then return ontgg orbital of oxygen, thus tion does not happen. The presence of side groups really
giving finally an antiferromagnetic contribution. makes these twp orbitals inequivalent.
Let us consider this effect in some detail. It is convenient Side groups have two effects on the ligapdorbitals.
to rotate the coordinate system for the andp,. orbitals on  First, due to the lattice potential, tipg orbital has an energy
the ligand over 45° as shown in Fig. 4. When theand  different from that of the, orbital: a high positive charge on
p, orbitals are equivalent it is clear that cation-ligand-cationthe side group, as, for instance, for Bein CuGeO;, will
transfer paths tend to cancel: they interfere destructivelymake the electronip, orbital more stable than thg orbital
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cross term where part of the transfer is yiaand part via
py orbitals. Note thaf,;, vanishes in the case of equivalent

S1 px andp,, orbitals.
Y Next we consider the correlation and ring exchange,
v where by ring exchange we mean the process of virtual tran-

sitions involving the excitatioM ;-L,-M,-L,-M ;. For these
contributions we get

1 1
Jeor= _SAiAi( +

_ Bmz(i N i)
20, Ay Ay,

yysz

: 4

FANINI(A+A)? L, 2
VIO TV Ay AgtAy
where the excitation energies alg,;=A,+Az+Ub; (a
and B refer to the ligandp orbitals; U’;B is the Coulomb
interaction in theligand p orbitals. The terms with\ ,; are
contributions involving excitations from one ligand, while
the terms withA , are due to excitations from orbitals on
different ligands.
It is now instructive to expand these superexchange con-

"\ g tributions Eq.(4) in U 4/(A,+A). One then obtains the
above discussed ferromagnetic contribut{dty. (2)] with
S, 2J,=UL—U%L,. The remaining contribution is
Joor= —BOZANA (N0, (5)

FIG. 4. TheM,L,-S, cluster. The axes’ andy’ are rotated Agdain, this contribution vanishes in the case of equivalent
over 45° tox andy, with respect to those used in Fig. 2. The ligand orbitals.
bonding orbitals on the side groufs and S, are indicated. The We consider now separately the factors contributing to an
angle is the deviation from ideal 90° geometty.is the transfer  antiferromagnetic interaction. For the contribution due to the
integral betweenl,, andp,, andW is the transfer integral between deviation of the Cu-O-Cu angle from 90°, denoted®ywe

the p, orbitals on the two ligandk; andL,. find the geometrical contribution
by an amounts. Also, a large hybridization of the ligand I — gyl 14 A e ®
py orbital with a o bonding side group orbitafor Ge an geo Ug/”

sp°® orbital) can give thep, orbital an appreciable shift with o )
respect to thep, orbital. Another factor, which also leads to Where the parameters and A refer to the situation with

inequivalence of transfer paths, is tpep hybridization in ~ €guivalentp orbitals. o
the O pair bridgeW=<py(L1)|H|py(L2)>. Next we consider contributions due to the presence of

We find now the expression for the kinetic exchange—the>de groups. onr weak liganu|,—side groupr hybridization
process shown in Fig.(8—taking into accountl) the de- W€ may takep“~4/A,,, whereA, is the energy difference
viation from ideal geometry(2) the pp hybridizationw, and petween the I|gan¢ orbital and the side group orbital. We
(3) the energy shift of the, orbital with respect to the, find the following result:
orbital due to side group effects. This expression has the 2

form Jsidegrour»:‘z)‘4u_d A_U+K
8 5 o\ 8
Jin=——(N*A2+N\2A2—20N2\2A A DTN | B
kin Ud( xBxTAyRy yMxB2x y) 2\%A AU+A AU+2A . @)

The first term is the kinetic and the second the correlation
contribution.

The effect of the O pair bridge hybridization of tipg
where the excitation energies include thp covalency and orbitals gives
the side group effect;A,=A as defined above, and
Ay=A+W+ 4. The covalency parameters include the geo-
metrical factor: Ax=Asin(¢)sin(¢/2) and
Ay= N nsin(p)cos(@/2), wheren takes into account that part
of the p orbital is hybridized into an antibonding ligand—side In addition to these three terni§)—(8) there are cross
group orbital. The first term in Ed3) is due to transfer via terms between these three effects. These cross terms also add
px orbitals only, the next vig, orbitals, and the last is a up to an antiferromagnetic contribution.

8
=- U—d(xiAx—xiAyﬂ &)

A 2
2+ — N (8)

_ 4
Jhybr_ — 2\ Uy
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Let us give a quantitative estimate of these superexchangaiperexchange interaction from ferromagnetic to antiferro-
contributions for the CuGe@compound. We estimate the magnetic.
parameters by assuming that the geometrical contribution has We conclude that side groups, which are often present but
to reproduce the exchange constant in the Higleuprate — are usually ignored, can significantly modify the 90° super-
compounds for 180° geometry. We takeee Refs. 11 and €xchange and, in certain cases, can cause an apparent viola-
12) t,q=1.0 eV, A=4.0 eV, Uy=7 eV, J4(0)=0.4 eV, tion of the GKA rules(cf. also Refs. 14 and 15In particu-
B=8°, W=0.7 eV. For thedp exchange we take lar such groups attached to bridging anions can make the
Jpg=0.025 eV. For the shift of thp, orbital with respectto 90° superexchange antiferromagnetic. We have shown that
the p, orbital we takes~0.4 eV. For the energy difference this factor plays an important role in the mechanism of the
between the side group orbital and the aniorp orbital we ~ Superéxchange interaction in the spin-Peierls system
take A ,~4 eV. CuGeG;. The great sensitivity of the total exchange to the

We obtain for the covalency parameter-t,q/A=0.25. ~ Side groups may probably explain a change in properties of
Then we findJ~—50 meV for the cuprates. For CuGgO CuGeQ; when Ge is substitutét'” by Si (this question is
we find for the ferromagnetic contributiodg=6.3 meV and  NOW under investigation - _
Jp=3.1 meV. So the total ferromagnetic contribution to su- SuPerexchange is also very sensitive to the Ge-O distance
perexchange is 9.4 meV. For the quadratic antiferromag@nd to the angle between the Ge-O bond and the Cu-O-Cu
netic contributions we findJges=—3.8 MeV, Jgge group plang. A changg in these parameters may significantly
= —2.6 meV, andly,= — 2.5 meV. To this we have to add modlfy_ the resultlng Cu-Cu exchange. The driving fqr_c_e for
the cross terms between these thigeometrical, side group, the spin-Peierls transition may thus weI_I be the sensitivity of
and pp hybridization effects, and we find a total contribu- € Superexchange interaction to the side group. The modu-
tion of the quadratic and cross terms to the superexchange &tion of the superexchange interaction is then partially

—15.1 meV. The sum of all ferromagnetic and antiferromag-c@used by a modulation in the interatomic Ge-O distance
netic contributions isJ=—5.8 meV and is antiferromag- and/or(Cu-O-Cy-(Ge-O angle which accompanies the ob-

netic. It compares well with the nearest neighbor SuloereX§erved distortioR. (For a different interpretation, see Ref.

change derived from various experiments forls')

CuGeO,. Furthermore, we find that when the shiftof the There exist other systems where we expect a significant
py level due to the side group vanishes we will still find amfluence of side groups on superexchange, e.g., organome-

small ferromagnetic interaction of 0.3 meV for the total su—t"""_'C a_md bioinorganic c_ompounds as discussed in R_ef. 15.
perexchange. This side group mechanism may also be of relevance in other

From this simple example it is clear that the deviationinorganic m{iterials, €.g., the layered magn.etic semiconduc-
from 90° is not sufficient to make the superexchange inter{ors .Of th? KIndACrS, andACgrSez, whereA is a monova-
action antiferromagnetic. Such a small effect on the total€Nt 10N Li, Na, K, Ag, or Cu
superexchange interaction due to the deviation from ideal We are very grateful to B. Bthner, V. Emery, J. Loren-
90° geometry is also found in ab initio calculation on a zana, G. A. Sawatzky, and A. B. van Oosten for useful dis-
Cu,O¢ cluster™® Only an appreciable energy shift of one of cussions. We thank A. B. van Oosten for communicating
the intermediate ligang orbitals with respect to the other results prior to publication. This work was supported by the
p orbital involved in the transfer paths, which is caused byFOM (Netherlands Foundation for the Fundamental Re-
the influence of a side grouse), can change the sign of the search of Matter
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